We have experimentally demonstrated atmospheric transfer of microwave timing references using a femtosecond frequency comb. The excess timing jitter induced by the atmospheric propagation has been characterized, and evidence is provided to show that such characterization is not compromised by the parasitic effect of power-to-phase coupling in the photodetector. The fractional frequency stability for a 60-m total transmission distance is on the order of 10 À12 with a 1-s averaging time. The Allan deviation shows a À1 dependence up to 500 s. Scale estimate confirms that the measured excess timing noise is caused by clear-air turbulence. Comparisons with previous works show that our results offer a more precise characterization of atmospheric timing transfer. The work may potentially help the development of high-fidelity synchronization for future free-space optical communications.
Introduction
Free-space optical communication, with its enormous bandwidth capacity, will play a key role in the future free-space data networks, ranging from global-scale space-terrestrial links to local-scale metro-area networks [1] . As the bitrate is expected to continue its rapid climb to accommodate the ever-expanding data traffic, highly precise network synchronization will become imperative. This calls for a high-fidelity optical timing-distribution scheme. Over the last few years, there has been a growing interest in the study of laser-based remote transfer of timing references [2] - [6] . This is largely driven by the advance in atomic clocks and the advent of optical frequency combs, which conveniently bridge the frequency gaps between the microwave and the optical wavelength regions [7] . Much of the prior work, however, has been focused on timing transfer over fiber-optic links [2] - [4] . Recently, transfer of timing references through open atmospheric links has begun to draw research attentions. Notably, Sprenger et al. have studied the frequency stability for the transfer of both optical and radio frequency clock signals over a 100-m rooftop atmospheric link [5] . Djerroud et al. have demonstrated a 5-km coherent optical link by transmitting a narrow-linewidth laser beam through a turbulent atmosphere [6] .
Generally, timing information can be optically transferred either at optical frequencies or at microwave frequencies [8] . The former requires the use of a highly stable single-frequency laser and aims to establish phase coherence of the optical carrier across the link. Such a scheme can usually achieve better fractional frequency stability compared with the latter case because of the much higher clock frequency (e.g., 100 THz versus gigahertz) [5] , [6] . However, for applications in optical communication, due to the fact that the bits are coded on the optical carrier at microwave frequencies, this scheme would require every user to be able to down-shift the clock frequency from the optical region to the microwave region, which adds substantial complexity to the user systems. On the other hand, timing transfer at microwave frequencies relies on the transmission of an amplitude modulated optical carrier with the modulator disciplined by an ultrastable microwave source such as an atomic clock. A key advantage of this scheme over the previous one is that it allows the users to conveniently recover the timing reference with direct photodetection [5] .
Meanwhile, highly stable timing signals can also be distributed via direct transfer of a femtosecond frequency comb (FFC) [8] , which in essence is a femtosecond pulse train with wellstabilized repetition rates for both the envelop and the electric field [7] . Compared with the conventional carrier-modulation scheme, FFC-based timing transfer also allows for direct clock recovery using photodetectors but with better flexibility. This is because an FFC can simultaneously deliver a large number of frequency references as the harmonics of the pulse repetition rate f R . The ultrashort pulsewidth allows the clock frequency f C to be much greater than f R (e.g., with a harmonic index f C =f R ) 100) and often only limited by the bandwidths of the photodetectors. Moreover, since one can use optical techniques (e.g., difference frequency generation) to lock an integer multiple of f R directly to an optical frequency reference, such as an ultrastable laser [9] , an FFC can potentially carry microwave clocks with ultralow phase noise because the clock uncertainty is only a small fraction of the frequency reference's uncertainty due to the frequency downshift.
FFC-based timing transfer has been shown to have comparable performance with the conventional carrier-modulation scheme in fiber-optic systems [8] . Given its aforementioned advantages, it would be interesting to see how this technique performs in free space. Here, we report what we believe to be the first experimental demonstration of FFC-based timing transfer across an open-atmosphere link. In Section 2, we will describe the experimental system, which will be followed by the measurement results in Section 3. Then, in Section 4, we will seek to validate our data by comparing them with known atmospheric parameters and results from previous works.
Experimental System
In order to study the atmospheric propagation of an FFC, we established an outdoor laser transmission link. The link is located on the roof of our laboratory building on the campus of The University of Alabama in Huntsville. The four-floor building has an observation platform about 20 m above the ground. There are no high-rise buildings or other tall structures nearby to render special wind patterns. A sturdy fixture is mounted on the platform to house a laser beam reflector (a 2-in gold mirror). The laser beam is launched from the control room via a fiber collimator and a couple of folding mirrors. The reflector sends the beam back to the control room, where all the signal processing and measurement takes place. The round-trip transmission distance is about 60 m.
The experimental setup for testing the microwave timing transfer is shown in Fig. 1 . The system is divided into transmitting and receiving subsystems. In the transmitting part, a femtosecond fiber laser (Precision Photonics FFL-1560) generates a train of 120-fs pulses centered at 1560 nm, with a 90-MHz repetition rate and a 4-mW average power. An erbium-doped fiber amplifier (EDFA) boosts the power to about 100 mW while compressing the pulsewidth to below 100 fs. A 70:30 broadband fiber coupler directs the majority of this power into a fiber collimator, which launches a 7-mmdiameter beam into the atmospheric transmission link. A fiber-coupled variable attenuator is inserted before the collimator as a power regulator to provide precise control over the total optical power reaching the receiving photodiode.
In the receiving subsystem, the transmitted beam is tightly focused onto a high-speed photodiode, which recovers the repetition frequency of the femtosecond laser, as well as its harmonics. The tenth harmonic at 900 MHz is chosen as the microwave clock under test and is selected by a bandpass filter. To further reject the side modes, a local clock is used to beat the 900-MHz signal down to 35 MHz, where sharp low-pass filters can effectively remove all the remaining harmonics. Meanwhile, a reference clock signal is obtained by coupling a small portion of the EDFA output directly into the receiving subsystem via an optical fiber (the REF path in Fig. 1 ) and then using a microwave circuit similar to the transmitted clock. The resulting frequency signal serves two sets of measurement. In the phase noise measurement, the reference clock passes through an adjustable delay line to gain a proper phase before it beats the transmitted clock in quadrature at a doublebalanced mixer. The generated phase signal is frequency analyzed by a fast Fourier transform (FFT) analyzer (SRS SR785), and timing jitter spectral density is calculated from the phase noise spectrum. In frequency stability measurement, the reference clock is frequency shifted by 500 kHz through a single-sideband modulator (SSBM) and then mixed with the transmitted clock. This leads to a 500-kHz beat note, which is then measured with a frequency counter (SRS SR620) to determine its stability. It should be noted here that, although the repetition rate of the femtosecond laser is not stabilized in the test, the noise from the laser and the EDFA does not affect the measurement, because it is common mode in the above heterodyne scheme. This ensures correct characterization of the excess clock instability due to the atmospheric propagation.
Experimental Result
The measurement of the excess phase noise is conducted at different times of a day and under various weather conditions (except rainy days). The corresponding timing jitter is then calculated from the phase noise spectrum [8] . Fig. 2(a) shows several typical traces of the jitter spectral density, along with the system noise baseline. The excess timing jitter is above the baseline only at frequencies below several hundred hertz. The magnitude and frequency dependence of the jitter spectra are strongly affected by the weather conditions, particularly the wind speed, leading to a group of different spectral traces under otherwise similar conditions. The system baseline is mainly attributed to the radio frequency (RF) amplifiers in the receiving system, and the noise spikes around 10-200 Hz are believed to be due to electric interference caused by the utility circuitry in the control room. The scale of the excess timing jitter can be better evaluated by integrating the jitter spectral density over various frequency spans to obtain the root-mean-square (RMS) timing jitters. Fig. 2(b) shows the RMS jitter integrated from 1 Hz to the frequency in concern for all five traces in Fig. 2(a) . Clearly, most contributions to the RMS jitter come from noise below 100 Hz, indicating the dominance of slow phase modulation. The total RMS jitters integrated from 1 Hz to 100 kHz range from several hundred femtoseconds to about 2 ps. The system noise proves to have a negligible effect in the measurement, as is evident from its sub-100-fs effective RMS jitter.
Two unique factors affecting the quality of atmospheric laser communication are beam wander and speckle [10] . Both effects have been visually observed in our experiment. One of their consequences is optical power fluctuation on the photodetector. When a photodiode is directly used to extract microwave clocks from an optical signal, such a power fluctuation can be converted into phase noise through power-to-phase coupling [11] . This detector-induced phase noise can make a significant contribution to the total measured phase noise. In order to minimize the power fluctuation and, hence, the impact of power-to-phase coupling, we use large-diameter optics (2-in diameter) in the receiving system and focus the beam directly onto the photodiode with the size of the focus relatively small compared with the active area of the detector. Such a configuration keeps the receiving system insensitive to the beam pointing drift and the transverse beam-profile fluctuation.
In the meantime, we monitor the power of the recovered 900-MHz clock with a microwave power detector (see Fig. 1 ) and evaluate the correlation between the phase noise and the clock power. This provides us with a means to validate the measured phase noise as primarily due to the atmospheric propagation. It has to be noted here that, under linear operation, the power of the recovered clock scales as the square of the optical power received by the photodiode. Around the average power, 
where È xx ðf Þ and È yy ðf Þ are the power spectral densities of time series x and y (as functions of Fourier frequency f ), and È yx ðf Þ is the cross-power spectral density between the two series. jC yx ðf Þj 2 can be directly measured with a dual-channel FFT analyzer (e.g., SR785). Fig. 2(c) shows the measured coherence function over a frequency range of 1 Hz to 100 kHz. Above 700 Hz, the phase noise and the clock power have little correlation. This is because the phase noise is below the system noise within this frequency range, as shown in Fig. 2(a) . The system noise is mainly caused by the RF amplifiers used in the phase detection circuits and is totally independent from the power detection. The coherence is also close to zero from 1 Hz to 100 Hz, indicating that the measured phase noise has no correlation with the received optical power over a wide range of frequencies. Meanwhile, there is a moderate peak of coherence ($0.5) at a few hundred hertz, which is likely due to the scintillation of the laser beam causing temporal fluctuation of the irradiance [10] . However, the phase noise above 100 Hz rolls off quickly and provides very little contribution to the total RMS noise, as shown in Fig. 2(b) . Therefore, the measured phase noise represents a fairly close account for the atmospheric transmission-induced phase noise.
The long-term timing transfer stability has been evaluated by measuring the Allan deviation of the 500-kHz beat note. The Allan deviation for a certain averaging time is defined as
where h i represents an infinite time average, and " y denotes the average fractional frequency deviation relative to the nominal frequency over a period of [12] . Fig. 3 shows a typical set of experimental data, along with a set of baseline data, which is obtained by transmitting the laser beam through a 10-m indoor transmission link with much lower airflow. The fractional frequency stability is on the order of a few parts per trillion with a 1-s averaging time. This is comparable with the frequency stability of most commercial atomic timing references, such as Cs and Rb clocks. At longer averaging times, the Allan deviation falls at a slope of À1 , indicating white phase fluctuations [12] . This is different from fiber-optic transmission, where the Allan deviation falls at À1=2 [2] . It should also be noted that most atomic timing references display a À1=2 behavior as well. As a result, transferring timing references through free space becomes more advantageous when the clock signal is averaged over longer time.
Discussion
The propagation of an optical pulse train through an atmospheric communication channel is susceptible to the refractive-index fluctuation caused by clear-air turbulence [1] , [13] . From the RMS timing jitter, we can derive the RMS fluctuation of the group index n g by using the relation Án g ¼ ðc=LÞÁT , where c is the speed of light in a vacuum, L is the total propagation distance, and ÁT represents the RMS timing jitter of the FFC. By using ÁT ¼ 2 ps and L ¼ 60 m, we find the value of Án g to be 1 Â 10 À5 . Meanwhile, it has been shown that Án g % a Á Án, where Án is the fluctuation of the phase index, and the proportional constant a is approximately equal to 3 in the visible and near-infrared wavelength range [14] , [15] . This leads to an estimated RMS phase index fluctuation of several parts per million, which agrees with the well-known scale of such fluctuation due to clear-air turbulence [16] .
The measured timing transfer stability is compared with a similar rooftop experiment over 100 m using the conventional carrier-modulation scheme [5] . The fractional instability at 1 s measured in our test is several times smaller than the result presented in [5] . Moreover, the Allan deviations reported in [5] appear to have an averaging-time dependence close to À1=2 below 100 s, while our result is close to À1 . Such a difference in the behavior of the Allan deviation indicates possible difference in the underlying mechanism of instability in these two experiments. In fact, as pointed out in [5] , the earlier experiment is likely limited by the stability of the frequency synthesizers and, therefore, only offers the upper bound of the propagation-induced instability. This seems to be supported by the fact that the electronic timing instrument usually shows a À1=2 characteristic. Such a system-noise limitation is partly caused by the low clock frequency (80 MHz) used in the earlier experiment [5] . In comparison, our experiment is free from such a restriction, as shown by the baseline data in Fig. 2(c) , because the wide bandwidth of the femtosecond pulses allows the use of a higher harmonic of the repetition rate as the clock signal.
Further improvement of the transfer stability would require the use of active noise cancellation. Such a scheme has been demonstrated to be able to lower the transfer-induced instability by a factor of 10 in fiber-optic systems [17] . To apply a similar technique in free space, retroreflection is needed to allow the returning beam to travel exactly the same path back in order to avoid differences in phase noise caused by different paths. In addition, the locking system likely needs to have a much wider bandwidth compared with the fiber-optic scheme, even for a moderate transmission distance (e.g., 100 m) because of the fast refractive-index fluctuation due to turbulence.
In summary, we have experimentally demonstrated the transfer of microwave timing references over an open atmospheric link using an FFC. The excess timing jitter due to the atmospheric propagation is successfully characterized, and the result has been shown to suffer minimal impact from the parasitic power-to-phase coupling. The fractional frequency stability for a 60-m transmission is on the order of a few parts per 10 12 with a 1-s averaging time. The Allan deviation shows a À1 dependence up to 500 s. These results agree well in scale with the clear-air turbulence model and offer a much more precise picture of the characteristics of atmospheric microwave timing transfer than previous works. Future work should focus on the mitigation of the propagation-induced excess clock instability by means of active noise cancellation.
